The branching ratios for the spin-forbidden photodissociation channels of 12 C 16 O in the vacuum ultraviolet (VUV) photon energy region from 102 500 (12.709 eV) to 106 300 cm −1 (13.180 eV) have been investigated using the VUV laser time-slice velocity-map imaging photoion technique. The excitations to three 1 Σ + and six 1 Π Rydberg-type states, including the progression of W (3sσ) 1 Π(v′ = 0, 1, and 2) vibrational levels of CO, have been identified and investigated. The branching ratios for the product channels C( Π state is a repulsive valence state correlating to the spin-forbidden channel.
I. INTRODUCTION
Carbon monoxide (CO) photodissociation has drawn great attention over the past few decades because of its relevant application in the field of astrophysics.
1,2 Furthermore, as a simple diatomic molecule, the detailed photodissociation dynamics studies of CO have also made it a benchmark system for the comparison between state-of-the-art experimental measurements and theoretical predictions. 3, 4 Most of the previous experimental work on CO is based on photoabsorption 5, 6 and photoionization 7, 8 measurements that involve the determination of photoabsorption cross-sections and predissociation line widths. Rotationally resolved predissociation rates and possible predissociation mechanisms have been deduced from these measurements. However, all the predissociation rates deduced from rotational line width measurements or pump−probe time-delay lifetime measurements 9 suffer from the inability to distinguish between the lowest three photodissociation channels, C( 3 P) + O( 3 P), C( 1 D) + O( 3 P), and C( 3 P) + O( 1 D), when they are energetically available. The branching ratios for these dissociation channels allow the determination of the partial predissociation rates into these individual channels, which provide valuable information on the couplings between the directly photoexcited Rydberg states and the valence states correlating to the different predissociation product channels. Thus, the measurement of photofragment branching ratios or partial predissociation rates would open another platform for the investigation of predissociation dynamics other than the rotational line width and predissociation lifetime measurements, both of which can only provide the total predissociation rates. Okazaki and co-workers have collected photofragment spectra for the CO molecules by probing C( 3 P), C( 1 D), and O( 3 P). 10, 11 They performed a detailed analysis on the photofragment spectra and compared the results with the simulated absorption spectra for the two Rydberg states L(4pπ) 1 12 used the combination of a tunable ArF excimer laser and the velocity-map imaging (VMI) technique to study the photodissociation channel C( 1 D) + O( 3 P), but no branching ratio data could be deduced. We have recently developed an experimental method to study the photodissociation dynamics of small molecules, which combines the tunable vacuum ultraviolet (VUV) laser radiation generated by two-photon resonance-enhanced four-wave mixing and the time-slice VMI-photoion (VMI-PI) method. 13, 14 The product branching ratios in the predissociation of CO have been recently measured for the first time using this method in the energy region from 108 000 (13.390 eV) to 110 500 cm −1 (13.700 eV) 15, 16 and were found to be strongly dependent on the vibronic states of CO that are excited. In the present study, we are extending these previous branching ratio measurements to the lower energy range from 102 500 (12.709 eV) to 106 300 cm −1 (13.180 eV). One important motivation of the present study is to provide quantitative branching ratio data and thus partial predissociation rate information on CO in the low energy region where accurate ab initio calculations are available. The branching ratio data obtained in this article are expected to be useful to benchmark theoretical calculations and establish accurate adiabatic potential energy curves that are needed to understand the predissociation dynamics of the CO molecule. Compared with the isoelectronic molecule N 2 , the potential energy curves of CO are more complicated due to the lack of g/u symmetry, and as a result, its predissociation dynamics is still not well-known, especially the part that involves the homogeneous Π−Π interaction. 3, 17 The matrix elements of a homogeneous interaction (ΔΩ = 0) are independent of the rotational quantum number J; while that of a heterogeneous interaction (ΔΩ = ±1) are proportional to [J(J + 1) − Ω > ] 1/2 , where Ω > is the larger of the two Ω-values. Most of the previous investigations focused on the photodissociation dynamics of the ground product channel C( 
II. EXPERIMENTAL SECTION
The experimental methods used in the present study are the same as those described in the previous work, 16, 18 and thus, they will only be briefly summarized here. A pulsed molecular beam of pure CO is produced by supersonic expansion through an Even−Lavie pulsed valve (EL-5-2004 ) with a nozzle diameter of 0.2 mm operating at 50 psi and 30 Hz. The molecular beam passes through two conical skimmers prior to entering the photodissociation/photoionization (PD/PI) region, where it is perpendicularly intersected by the VUV laser beam. The nascent C atoms thus produced from the photodissociation of CO are photoionized by the same VUV laser beam. The resulting C + ions are extracted and focused by the VMI ion optics onto a microchannel plate (MCP) detector. The electrons ejected from the MCP detector by ion impact are accelerated onto a phosphor screen to form an image that is recorded by a CCD camera.
The tunable VUV laser radiation generation system has also been described. 19 In the current study, we used Xe in the form of a gas jet as the nonlinear four-wave mixing medium. The UV wavelength is fixed at 222.568 nm (ω 1 ) that is resonant with the two-photon transition of Xe: (5p) . The visible laser wavelength (ω 2 ) is scanned from 600 to 800 nm so that the sum-frequency (2ω 1 + ω 2 ) VUV laser has a range of 102 300−106 500 cm −1 (12.684−13.204 eV). In this experiment, the CO molecule is excited to each of the rovibronic states by the absorption of a sum-frequency VUV photon (2ω 1 + ω 2 ) and undergoes predissociation to produce carbon atoms in the 3 P and 1 D states. The carbon atoms thus produced are photoionized by absorbing another VUV photon (2ω 1 + ω 2 ) within the same VUV laser pulse, which is set at an energy above the ionization threshold of carbon atoms at 90 883.84 cm −1 (11.2682 eV). We have two different experimental modes. In the first mode, we measure the rotationally resolved C + ion photofragment 
, and W(3sσ) 1 Π(v′ = 1). The relative intensities of these states were not normalized to the corresponding VUV intensities. With the exception of the C + ion photofragment spectrum for the L(4pπ) 1 Π(v′ = 1) state, which was obtained by using the two independently tunable VUV lasers, all the spectra were obtained using a single VUV laser.
The Journal of Physical Chemistry A spectra by gating on the C + ion peak in the time-of-flight (TOF) mass spectrum using a Boxcar data acquisition system (Stanford Research System, SR250) and scanning the VUV energy from 102 300 to 106 500 cm −1 (12.684−13.204 eV). The C + ion photofragment spectra confirm the previous photoabsorption and photoionization studies and are used to identify the frequencies of the rovibronic states of CO that are being investigated.
The second mode is concerned with time-sliced VMI-PI measurements. In this experiment, the VUV photon energy is fixed at a particular (E′, v′, J′) state of CO, and the time-slice VMI-PI image is collected by applying a 40 ns high voltage pulse to the front MCP when C + ions arrive. The C + ions produced from different dissociation channels can be distinguished in the VMI images by their kinetic energies, and thus, the branching ratios of different photodissociation channels can be deduced from the total number of ions in an image at a particular kinetic energy. The analyses of the images that are collected provide the total kinetic energy release (TKER) spectra that are used to obtain the branching ratios.
III. RESULTS
The C + ion photofragment spectra obtained in the present study are shown in Figures 1−3 . With the exception of the C + ion photofragment spectrum for the L(4pπ) 1 Π(v ′ = 1) state shown in Figure 1 , which was obtained by using the two independently tunable VUV lasers (see the description given below), all the spectra of Figures 1−3 were obtained using a single VUV laser as described above. From the C + ion photofragment spectra shown in the figures, nine CO vibronic states between 102 700 and 106 300 cm −1 (12.733−13.180 eV) can be identified using the information from 1 Σ + (v′ = 1) level. This is probably due to the weak intensity of the VUV photolysis laser in the region of this band.
In time-slice VMI-PI measurements, the wavelength of the VUV laser is tuned to one of the rovibronic peaks indentified in + (v′ = 1) state only dissociates through the ground channel. By integrating the areas underneath the peaks in the TKER spectra, we obtain the relative yields into different dissociation channels and thus the branching ratios. The C atoms produced in the 3 P and 1 D states are photoionized through a direct ionization process by using the photons from the same VUV beam that is used for dissociation of CO. The relative yields deduced from the TKER spectra have to be corrected for the different photoionization cross-sections of C( 3 P) and C( 1 D). A photoionization crosssection of 16 Megabarn (Mb) for C( 3 P) was measured by Cantu et al. 20 in the energy region of the current measurements, and the photoionization cross-section of 29 MB for C( 1 D) was calculated by Burke et al. 21 The uncertainties shown in Table 1 were determined by the standard deviations of three independent measurements on different days; the real uncertainties should also be affected by the accuracies of the photoionization cross-sections of C( 3 P) and C( 1 D) reported in refs 20 and 21. Using this method, we have measured the branching ratios for the nine CO states identified in the present study and listed them in Table 1 .
. The W state is the lowest Rydberg level that converges to the first excited CO + (A 2 Π) ion state. The vibrational progression up to v′ = 3 has been extensively studied using the photoabsorption 22,6,23 and photoionization 7, 8, 24 methods to measure the rotational line widths. In the photoionization studies, the v′ = 1 and 3 levels were not observed due to the relatively large predissociation rates of these levels. In our VUV photofragment spectra, we observed all the vibrational states with v′ = 0−3 (the v′ = 3 level has been reported in our previous study 15 ) with the v′ = 1 and v′ = 3 states being greatly broadened due to the fast predissociation process, which is consistent with the previous studies. By looking into the branching ratio data for the W(3sσ) 1 Π(v′ = 0, 1, and 2) states shown in Table 1 of the current study and the W(3sσ) 1 Π(v′ = 3) state reported in our previous communication, 15 no obvious rotation and e/f-symmetry dependences of the branching ratios have been observed for the v′ = 1−3 vibrational levels of the W(3sσ) 1 Π state, but for the v′ = 0 leve,l a strong dependence on both the rotation and e/f-symmetry is observed for the branching ratios into the spin forbidden channel. This observation about the v′ = 0 state is consistent with previous photoionization studies by Eikema et al. 8 and Drabbels et al. 24 In their studies, the predissociation rates of the e-symmetry levels are found to linearly depend on J′(J′ + 1), where J′ is the rotational quantum number of the band system VUV (cm
R(4) 9.5 ± 0.3 0.6 ± 0.1 89.9 ± 0.4 105692. 7 8.4 ± 0.5 0.6 ± 0.1 91.0 ± 0.6 105672.7 Π state, which is independent of J. Referring to Table 1 , the branching ratio into the spin forbidden triplet channel is found to decrease with increasing J′ level for the R branch; this is in accord with the fact that the predissociation rate into the ground dissociation channel increases as J′(J′ + 1) due to the -uncoupling interaction with the D′ 1 Σ + state. For the v′ = 2 state, Eikema et al. 8 has observed rotational dependence of the predissociation rate at high J′ levels, and Eidelsberg and coworkers 6,23 also observed rotational dependence of the predissociation rate for the v′ = 2 and 3 levels, but the present results did not confirm this observation. This might be due to the relatively low detection sensitivity for this state and the fact that the populations of high J′ levels are low under the supersonic molecular beam conditions. If we look at the different vibrational levels of the W state, the branching ratio also strongly depends on the vibrational quantum number. This is in accord with the fact that the W state is strongly perturbed by other Π states in this region. 7, 8 measurements, so accurate rotational constants and predissociation rates are known. We have observed this state in our C + ion photofragment spectrum shown in Figure 1 . Eikema at al. 8 observed several local perturbations at J′ = 8, 12, 19, and 22, where the peak intensities drop dramatically or even disappear from the spectrum, and the peaks around them are usually broadened due to the accidental perturbations. We have confirmed their observations in the C + ion photofragment spectrum for the accidental local perturbations at J′ = 8, 12, and probably 19. The peaks corresponding to those rotational levels are barely seen in the C + ion photofragment spectrum, and the rotational levels from J′ = 7 to J′ = 11 are very broad. Besides those accidental perturbations, a sequence of unassigned peaks has been observed to be overlapped with the (4dσ) 1 Σ + (v′ = 0) state. 8 We have also observed a peak due to the unassigned sequence at 105 692.7 cm
, which is denoted by a star in Figure 1 . Eikema et al. did not assign these rotational levels, nor did they report on the symmetry of the likely upper state. We have taken the time-slice VMI-PI image on the peak, and the recoil anisotropy parameter has been determined to be −0.70 ± 0.03, which indicates a strong perpendicular transition. This suggests that the peak at 105 692.7 cm Table 1 shows an unusual rotational dependence, which may be due to the overlapped unassigned band.
Π(v′ = 0) state has been a model system for studying the predissociation dynamics of CO and thus has been investigated many times with various experimental methods. 22, [7] [8] [9] [10] [11] 24, 27, 28 The predissociation rates of the e-symmetry levels were found to linearly increase with J′(J′ + 1), which is explained by the interaction with the repulsive D′ 1 Σ + state. Besides the rotational dependent part, the predissociation rates of the e-symmetry levels also contain a rotation independent part (k 0 ), and the f-symmetry levels are also strongly predissociative. The latter predissociation could be caused by a homogeneous interaction with a repulsive 1 Π(v′ = 0) state not only dissociate to the channel producing ground state atoms but also to the triplet channel that produces C( 1 D) and O( 3 P). They also showed that the branching ratio between these two channels depends on both the rotational quantum number and the e/f-symmetry. We have reinvestigated this state by using the VUV time-slice VMI-PI imaging method. The C + ion photofragment spectrum is shown in Figure 2 , and the branching ratio measurement is listed in Table 1 . Because of the very strong CO + ion intensity produced in the interaction region, 8 the space charge effect prevents us from taking good images for the R(0) and Q(1) lines. A similar phenomenon to the W(3sσ) 1 Π(v′ = 0) state has been observed, the branching ratio into the triplet channel decreases as J′ increases. This is consistent with the fact that the predissociation rate into the ground channel caused by the D′ 1 Σ + state is increasing with J′(J′ + 1). The R(1) line and P(3) line have the same branching ratio within the experimental uncertainty because they share the same upper level with J′ = 2 in the L(4pπ) 1 Π(v′ = 0) state. Compared with the v′ = 0 level discussed above, the first excited v′ = 1 vibrational level of the L(4pπ) 1 Π state has been rarely studied mainly due to its very weak absorption crosssection from the vibronic ground state of CO. It was observed in the absorption spectrum by Eidelsberg and co-workers 22,29 at . We have employed the newly built VUV-VUV pump−probe time-slice VMI imaging setup 31 to study CO in this region. The probing VUV was fixed at 78 293.07 cm −1 to be resonant with the transition C( 3 P 0 ) → 2s Figure 1 . The use of a second VUV laser for (1 + 1′) REMPI ionization greatly increases the detection sensitivity, which allows us to detect such a weak absorption band. The tentative rotational assignment is shown in Figure 1 by drop lines. The band origin and rotational constant were determined to be 105 407. 30 From the spectrum shown in Figure 1 , it is obvious that the rotational lines are broadened with increasing J′ levels in the R branch. This is due to the interaction with the D′ 1 Σ + state. A broadened Q(1) line with a line width even larger than that of the R(0) line was also observed. This implies that there is a perturbation between this state and a 1 Π state that is causing a fast predissociation rate for the f-symmetry levels. A similar effect is also observed in the L(4pπ) 1 Π(v′ = 0) state. 9 No signal is observed into the triplet channel that produces C( 1 Π(v′ = 0) state, and the strong coupling between these two 1 Π states has been analyzed before. 27, 28 This state was found to be strongly predissociative 22,7 and only a very weak signal was observed in the photoionization spectrum. 8, 24 The predissociation rate is independent of both the rotation and e/f-symmetry. 8, 11, 24 Okazaki et al. 10, 11 have obtained the C + ion photofragment spectrum by probing both C( 3 P) and C( 1 D) and concluded that the predissociation rates to the ground channel and the triplet channel producing C( 1 D) are comparable to each other and that the ratio between them is independent of the rotation and e/f-symmetry. We have observed a very strong signal in our C + ion photofragment spectrum for this state, as shown in Figure 2 . The branching ratio data are given in Table 1 . The percentage into the spin forbidden channel is almost the same as it is into the spin allowed channel, and the ratio between them does not depend on the rotation or e/f-symmetry of the level within the experimental uncertainty. All of this is in good agreement with the conclusion by Okazaki et al. 10, 11 E. K(4pσ) 1 Σ + (v′ = 0). The predissociation rates of this state have been measured by Drabbels et al. 24 at low J′ levels and found to be independent of the rotational quantum number. It was confirmed by Eikema et al. 8 at high J′ levels up to 20. It implies that the predissociation of the K(4pσ) 1 
Σ
+ (v′ = 0) state is caused by the homogeneous
10,11 did not see any signal in the C( 1 D) photofragment spectrum for this state. We have reinvestigated this state by using our VUV time-slice VMI-PI imaging method. The C + ion photofragment spectrum shown in Figure 2 is completely regular just as the photoionization spectrum obtained by Eikema et al., 8 and the branching ratio data listed in Table 1 shows that there is a small percentage of CO dissociating into the spin forbidden channel that was not observed by Okazaki et al. 10, 11 The branching ratio of the spin forbidden channel increases as the rotational quantum number increases. We have plotted the ratio versus J′(J′ + 1) as shown in Figure 5 . From this figure, we can see that the percentage into the spin forbidden channel is nearly linearly dependent on J′(J′ + 1). The branching ratios obtained for a particular J′ from the P and R branches are consistent with each other within the experimental uncertainty. This observation was not made by the previous experiments that focused on measuring the rotational line widths. 8, 24 A local perturbation may exist at the upper J′ = 6 level that causes the branching ratio to be a little Σ + (v′ = 1) state has been observed to be strongly dissociative with a lifetime in the order of picoseconds, 22,32 and thus, it has not been observed in any of the photoionization spectra. It was only identified in the absorption spectrum of CO by Eidelsberg et al. 22 and in the ion-dip spectrum by Komatsu et al. 32 The band origins and rotational constants obtained by the two different methods are consistent with each other. We have obtained a C + ion photofragment spectrum for this state and show it in Figure 3 . The drop lines show the rotational levels calculated using the band origin and rotational constant by Eidelsberg et al. 22 No individual rotational lines can be resolved in the spectrum, which is consistent with the fact that it is strongly dissociative. The branching ratio of the spin-forbidden channel is zero as shown in Table 1 , thus it does not dissociate into the triplet channel C( 1 D) + O( 3 P). Komatsu et al. 32 tried to understand the predissociation dynamics for this state into the ground channel; they tentatively concluded that it is more likely this state is interacting with a repulsive 1 Π state other than the wellknown D′ 1 Σ + state. With the information in the present study, we cannot determine the repulsive state that is responsible for the dissociation of the J(4sσ) 1 Σ + (v′ = 1) state into the channel of C( 3 P) + O( 3 P).
IV. DISCUSSION
Previous experiments based on the measurements of rotational line widths 7, 8, 24 or the time-delay pump−probe lifetime measurements 9 cannot distinguish between the spin allowed and forbidden channels. Thus, they cannot study the predissociation dynamics with the kind of detail described in this article. Since the spin-allowed [C( 3 P) + O( 3 P)] and the spin-forbidden [C( 1 D) + O( 3 P)] channels correlate with the singlet and triplet potential energy surfaces, we refer to these channels below as the singlet and triplet channels, respectively. With the present tunable VUV laser time-slice VMI-PI method, we have been able to distinguish the spin-allowed and spinforbidden channels and to measure their branching ratios. This should shed light on the predissociation dynamics of CO, particularly the aspect involving the formation of the spin forbidden triplet channels. The fractions of the triplet and singlet channels can be expressed as follows:
where k T and k S are the corresponding predissociation rate constants into the triplet and singlet channels, respectively. The branching ratio between them will be
If the -uncoupling perturbation is occurring in the predissociation process, a dependence of the predissociation rate constant on the rotational quantum number should be observed. For a 1 Π− 1 Σ + heterogeneous interaction, the predissociation rate constant is expected to be linearly dependent on J′(J′ + 1), where J′ is the rotational quantum number of the excited vibronic state. 33, 34 If this happens in the predissociation process into the triplet channels, then the branching ratio can be rewritten as
Similarly, if the heterogeneous interaction happens in the predissociation process into the ground singlet channel, then the ratio can be rewritten as
Here, k 0 T and k 0 S (k J T and k J S ) are the rotational independent (rotational dependent) part of the predissociation rate constants for the triplet and singlet channels, respectively. On the basis of eqs 5 and 7, the ratio R or 1/R will linearly depend on J′(J′ + 1) if a 1 Π− 1 Σ + heterogeneous interaction occurs during the predissociation process.
We plot the 1/R value versus J′(J′ + 1) in Figure 6 for the CO states L(4pπ)
1 Π(v′ = 0) and W(3sσ) 1 Π(v′ = 0), and the linear fittings according to eq 7 are also shown by lines in the figure. A good match between the linear fittings and the experimental measurements is observed for both of the 1 Π states of CO. According to the above discussion of eq 7, the dissociation into the singlet channel should involve a 1 Π− 2, 17 According to the perfect linear dependence of the 1/R value on J′(J′ + 1), we should also be able to conclude that k T in eq 7 does not depend on the rotational quantum number J′. This explains why Okazaki et al. 11 can use k 0 T , which is equivalent to k T here, as a parameter (independent of the rotational quantum number J′) + (v′ = 0) state, the percentage into the triplet channel is much smaller than that into the singlet channel; thus, the ratio R = k T /k S ≈ k T /(k T + k S ) = P T . How the fraction of the triplet channel P T and thus the ratio R depends on the rotational quantum number J′ has been shown in Figure 5 . A linear dependence is clear with an intercept of zero, which means k 0 T is equal to zero; thus, the predissociation of the K(4pσ) 1 
Σ
+ (v′ = 0) state into the triplet channel is a purely -uncoupling induced result. Because of the fact that the rotational line width is independent of the rotational quantum number J′, 8 33 On the basis of the discussion thus far, we propose a predissociation mechanism that has a coupling scheme of Π final repulsive state correlating to the triplet channel can generally explain the branching ratio data into the spinforbidden channel in the present work. It is in agreement with our previous tentatively proposed predissociation mechanism for the spin-forbidden channels. 16 The same predissociation mechanism has also been confirmed for N 2 , which is isoelectronic with CO. Table 3 how each of the three predissociation pathways are applied to the nine CO vibronic states investigated in the present study. For the (4dσ) 1 Σ + (v′ = 0) state, there are many accidental perturbations, which should be caused by interactions with certain bound states. 8 The predissociation into the spin-forbidden channel seems to be caused through borrowing intensity from the unassigned 1 Π state. All of these make it difficult to deduce the possible predissociation dynamics. Thus, we indicate in Table 3 that the detailed predissociation mechansim for the (4dσ) 1 Σ + (v′ = 0) state is still uncertain.
V. SUMMARY AND CONCLUSIONS
In summary, the branching ratios for the production of the spin-forbidden product channels by predissociation of CO in the energy region from 102 500 (12.708 eV) to 106 300 cm −1 (13.180 eV) were measured. Rotation and e/f-symmetry dependences of the branching ratios have been observed for several of the dissociation states in this region, and it has been explained by a R− 1 Π− 3 Π coupling scheme, where R represents the initially excited Rydberg state. To identify the intermediate 
